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We have analyzed the polarization and §%-dependence of muoproduced tb—>u+uw in
a ﬁagnetizedmsteel calorimeter at Fermilab. The reaction YVN*wN is found to
be helicity-conserving. Even allowing for possible @?-dependence of the decay
angular distribution, the ¥ muoproduction cross section falls more steeply in

Q2 than predicted by ¥ dominance.



We have measured the polarization of J/y(3100) produced by 209-GeV muons,
analyzed by the decay ¢+u+ua, These are the first data on the polarization of
any charmonium state produced by real or virtual photon-nucleon collisions.
Measurement of the y polarization is an essential component of the study of
p-leptoproduction mechanisms, which was begun! with a subset of these data.

If y-N elastic scattering is helicity-conserving, the polarization of elasti-
cally leptoproduced y's in the vector-meson-dominance (VMD) picture? is simply
related to that of the exchanged photon. In this case, the data measure R,
the ratio OL/GT of y production cross sections by longitudinally and
transversely polarized virtual photons (YL and YT)a Since R must vanish at
0?=0, it is a function of @2 which must be incorporated in any complete
description of the @2-dependence of y leptoproduction,

The magnetized-iron multimuon spectrometer and y reconstruction analysis
have been described!. With a slightly different analysis, the dimuon mass
spectrum of ©10® trimuon final states (75% of the data) has been published3.
The present 2500-event (y and y~) sample, based on the same data, is more
tightly cut. The sample is characterized as'elastically produced, with events
depositing less than (4.5+2.5) GeV in the calorimeter. The real and Monte
Carlo (MC) simulated widths of the ¢ mass peak are 8.8% and 8.3% rms, respec-
tively. After the production mechanisms in the simulation are adjusted to
yvield detailed agreement with the data, the calculated average efficiency for

detection and analysis of y's elastically produced within the fiducial target

N

is 21%.
The angular distributions of the decay products of electroproduced lower-
mass vector mesons" have shown the production process to be consistent with

g-channel helicity conservation (SCHC) and natural parity exchange (NPE).

With these assumptions, the distribution of dimuons from y decay is®



Wn,R:0,0)=[3/16m (1+eR)]{1+cos20+e (2R-ncos2¢)sin26+Fsin26}.

Here 6 is the polar angle of the beam-sign daughter muon in the ¥ rest frame,
with 6=7m taken as the direction of target recoil. The azimuthal "polarization
angle' in this "helicity frame" is ¢:COS“1(ﬁd°ﬁp)~coswl(ﬁp*ﬁs), where ﬁs’ ﬁps
and ﬁd are the unit normals to the incident muon scattering, ¥ photoproduc-
tion, and ¢ decay planes, respectively. We use € to denote the ratio of Yy, to
Yo fluxes, and introduce the factor n to menitor the size of the cos2¢ term:

n=1 if SCHC and NPE are exactly obeyed. The function ¥, arising from the sin-

gle spin flip elements of the density matrix, is
F=y2eR $in26{/1+e cosbcosy-Hv/1-¢ sinSsiny},

where H is the muon polarization and 6 is the phase difference between ampli-
tudes for ¥ production by Yy, and Y. This term produces effects too small to
be observed in these data.

To avoid statistical problems with low bin populations we have folded 6 and
¢ into one quadrant, eliminating any sensitivity of ¥V to F, The data were di-
vided into a 4x5x3 grid in @2, |cose|, and ¢F£9cos“1]c032¢|; dimuon-mass-
continuum subtractions were performed in each of the 60 bins to obtain the
acceptance-corrected y yields displayed in Table 1. Unfolding resolution ef-
fects by using the average values of @2, ¢, cos?p, and cos2¢ from the MC simu-
lation for each bin, these yields were fit to the product of W(n,R) and the
propagator P(A)=(1+92/A2)72, Thereby, allowance was made for the possibility
that the decay angular distribution is a function of @2 through the @2-
dependence of R, e.g. R“Qz/mw2 as suggested? by VMD. Since the experimental
acceptance is not uniform in cos®, such a dependence could have biased our
measurement of A if the data had been summed over all angles.

The details of the fits are presented in Table 2, Three-parameter fits to



ns, R, and A are made both with Re@? (fits 1 and 6) and with R=constant over
the @2 range (fit 2). The parameter A describes the @2-dependence of the ef-
fective sum OeffZGT%EOL of Yop and \! cross sections, or, in the case of fit 6,

only of ¢ An additional complication is the possible Q?-dependence of any

T
nuclear shadowing in the Fe target. We have used data which recently were
summarized® for Az200, scaled the data to A=56, and fit a universal curve in

x’EQZ/(Zva+mN2):
Ay gg/ A(Fe)55 ()= (1-0.33exp (-2827)) 0+ 76,

All fits are made both with and without S(x”) multiplying W. As the results
in Table 2 indicate, including S(x”) lowers the propagator mass A, but hardly
affects the angular results,

The results of fits 1-4 are shown in Fig. 1. For purposes of this display
only, the data and fits plotted vs. |cosel (¢7) are summed over ¢ (lcose]).
The main feature of these angular distributions is a strong dependence upon
s in the form predicted by SCHC. Unpolarized y's would yield a flat angular
distribution (fit 3), which is ruled out. The data show no strong dependence
on ]CQSG‘, but do not rule out R=0 (fit 4); significant §2-dependence of R is
not required (fit 2). The photon-gluon-fusion (YGF) model7, which has suc-
cessfully described® other features of elastic ¥ muoproduction, has yielded no
prediction for the ¢ polarization., This is due in part to complications asso-
ciated with the exchange, required by color conservation, of at least two vec-
tor gluons,

Figure 2 presents the szdependence of ¢ summed over v and normalized to

eff’
unity at 9%=0, For purposes of this display only, the data and fits to A are
summed over |cos®| and ¢F° When the angular distribution is parameterized in

the SCHC form with R<@? and S(x”) included, A22303i8:%§ GeV/cz, where the sta-
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tistical errors take into account the uncertainties in n and £? (Table 2, fit
1). If instead R=constant and S(x”) is left out, A=2.43+0.15 GeV/c?2 (fit 2).

The other fits to A, either for o or o, (fit 6), are within this 2.0-2.4

eff
GeV/c? range; this +0.2 GeV/c? uncertainty is the principal systematic error
in A. We conclude that A is between 1,9 and 2.6 GeV/c?. The simplest VMD
prediction, A:mw (fit 5), is ruled out,

We also have fit the data in Fig. 2 to the vyCF prediction (fit 7), assuming
a charmed quark mass mcxlss GeV/c? and a gluon fractional-momentum distribu-
tion G{z)=3(1-2)%/x. The data fall faster than the yGF curve, giving a barely
acceptable fit (7% confidence) only if S(x”) is omitted. We have reached a
similar conclusion® comparing yGF predictions with open-charm muoproduction,
using a different analysis. Varying ™ the exponent of (1-x) in G(x), or the
definition of the strong coupling constant can affect the yGF fit. A combined
determination of these parameters must be based on both the @2 and v spectra
of the y data.

In summary, the polar and azimuthal angle distributions for muoproduced
¢+p+u~ decay demonstrate that the reaction yvN+wN is consistent with g-channel
helicity conservation and natural parity exchange. There is some indication
of longitudinally polarized production (H#0). The g2-dependence of either

o or 0. clearly is steeper than (1+Q2/mw2)“2e

eff 1
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TABLE 1. Effective cross section, differential in cos® and ¢, for the reaction
yVFe+wX (energy (X)<4.5 GeV), in arbitrary units. Data and statistical errors
are given in 60 bins, defined by average §2 (top row), average cos?8 (left
column), and one of three ¢ bins (second-left column). The average cos2¢

in each ¢ bin is given vs, <@2> in the bottom three rows; values of average ¢
are in the right column., At lowest @2, average cos2¢ in ¢ bin 1 (2) grows

by 0.32 (0.23) as cos?0 rises from 0.02 to 0.54. The variation of average

cos2¢ with cos?6 is much weaker in other bins, and negligible at highest 2.

<@®>(Gev/c)? 0.10  0.53  1.60  6.34
ARARY °
eos 8 |bin| d ¢ (eff)/d¢deosd (arbitrary units) | <e>
1 106.52(07) 0,37(09) 0.30(10) 0.05(07)
0.02 | 2 [0.55(07) 0.61(11) 0.36(11) 0,10(05)|0,82
3 10.59(06) 0.64(13) 0.44(09) 0.35(11)
1 10.51(06) 0,24(07) 0.36(13) 0.05(04)
0.06 | 2 10.61(07) 0.68(13) 0.35(10) 0.27(10)|0.81
3 10.50(06) 0.76(14) 0.54(11) 0.22(06)
1 10.54(07) 0.25(11) 0.22(10) 0.04(05)
0.16 2 10.64(08) 0.52(12) 0.36(11) 0.09(04)]0.80
3 10.52(07) 0.56(11) 0.49(11) 0.11(05)
1 10.58(08) 0.32(12) 0.36(13) 0.04(06)
0.32 2 10.46(08) 0.47(16) 0.27(09) 0.12(073{0.76
3 10.62(09) 0.66(14) 0.39(10) 0.11(06)
1 10.55(28) 0.91(34) 0.31(25) 0.12(10)
0.54 2 10.67(20) 0.15(28) 0.48(22) 0.05(10)/0.65
3 11.09(29) 1.21(48) 0.35(28) 0.12(10)
1 -0.09 0.54 0.73 0.80
cos2é| 2 <0.26 -0.11 -0.07 -0,03
3 -0,.46 -0.72 -0,74 -0.81




TABLE 2. Fits to the @2, ¢, and 6-dependence of the effective cross section

O g for the reaction vae+wX (energy (X)<4.5 GeV). The angular function W(n,RJ,
propagator P(A)9 and nuclear screening factor S(x”) are defined in the text.
Each of seven fits (numbered in the first column) is performed both with S(x”)
included (multiplied "in'") and ignored ("'out") in the function fitted. Values
of chi-squared and the degrees of freedom are given in the fourth column.

Errors on the fit parameters A, n, and £% (fits 1 and 6) or R (fit 2) are
statistical. Fit 6 is the same as fit 1 except that W is multiplied by (1+eR);
A then parameterizes the szdependence of OT rather than Geff“ Fit 7 compares
the data integrated over ¢ and cos® with the @2-dependence predicted by YGF.

Fit Function S@? x°/DF A(GeV/c?) n & orR
No,

. +0,18 +0.28 +4,9
1 W(nsR)XP(A)é in 45.4/56 2,037 12 1.02"°2% 3,373
. 2 +0.18 . . +0.28 , +4.8
Re(£0/m )Y out 45.5/56 2.187 " 15 1.0470°2% 4.0"3°%
W(n,R)xP(A)§ in 42,0/56 2.24:0,13 1,09*g°§i 635*°§2

2 Rl ¥ 'Y = e
R=constant) out 42,4/56 2.43+0,15 1,10°0°31  39%-27

*TT-0.24 °T 7,22

in 73.3/58 2,060,11
out 73.3/58 2.220,13

in 48.6/58 2,21%0,12

3 1xP(A)

4 W(L,00PM) - o1y 49.3/58 2.4040.14 -1 =0
in 89.1/58 0.9640.13
W =5, =
5 Wn,00xPmy) v 68.5/58 ol 0l93:0.14 =0
in 47.0/56 2.08+0.24 0.86%0.17 ,2é+e§;
6 (1+eR)xFit 1 :°75

out 47.6/56 2.2040.29 0.870.17 347"/
YGF -- @°  in 32.1/8

= 2
projection out 14.6/8 mczlss GeV/c

= 0 -



Figure Captions

FIG. 1. Angular dependence of the effective cross section for the reaction
vae»wx (energy(X)<4aS GeV). Data and statistical errors are presented vs.
!cos@[ (left column) and ¢F (right column), where ¢p is ¢ folded into one
quadrant; 0 and ¢ are defined in the text. All data (<§?>=0,71) are shown

in (a); (b)-(e) divide the data into four @2 regions. Numbered solid lines
exhibit the results of fits 1-4 in Table 2. Fits 1, 2, and 4 are to the SCHC
formula with oL/cT:EZQZ/m 2, constant, and zero, respectively; fit 3 cor-

responds to the production of unpolarized ¥*s. Each fit is made to all the

data with one adjustable normalization constant.,

FIG. 2., @%-dependence of the effective cross section for the reaction

vae+wX (energy (X)<4.5 GeV). Statistical errors are shown. Typical §?2
resolution is 3.1 (0.6) (GeV/c)? at @%=17 (1.2) (GeV/c)?. The data are fit to
(1+Q2/A?)" 2 multiplied by the function W(n,R) shown in Table 2. The weak
Q?-dependence of W results from the @2-dependence of RZGL/GT and the particular
average values of the angular factors cos?6 and cos2¢, as given in Table 1.

The best fits with free A (Table 2, fit 1) and fixed A=3.1 (Table 2, fit 5)

are shown. The data are normalized so that fit 1 is unity at §%=0. Also ex-
hibited is the YGF prediction (Table 2, fit 7). At high Q?, fits 1 and 7 are
displayed as a solid band, with the upper (lower) edge including (omitting)

the screening factor S{x”).
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